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Abstract
Seismology applied to giant planets could drastically change our understanding of their deep
interiors, as it has happened with the Earth, the Sun, and many main-sequence and evolved
stars. The study of giant planets’ composition is important for understanding both the mech-
anisms enabling their formation and the origins of planetary systems, in particular our own.
Unfortunately, its determination is complicated by the fact that their interior is thought not to
be homogeneous, so that spectroscopic determinations of atmospheric abundances are proba-
bly not representative of the planet as a whole. Instead, the determination of their composition
and structure must rely on indirect measurements and interior models. Giant planets are mostly
fluid and convective, which makes their seismology much closer to that of solar-like stars than
that of terrestrial planets. Hence, helioseismology techniques naturally transfer to giant plan-
ets. In addition, two alternative methods can be used: photometry of the solar light reflected
by planetary atmospheres, and ring seismology in the specific case of Saturn. The current
decade has been promising thanks to the detection of Jupiter’s acoustic oscillations with the
ground-based imaging-spectrometer SYMPA and indirect detection of Saturn’s f-modes in its
rings by the NASA Cassini orbiter. This has motivated new projects of ground-based and
space-borne instruments that are under development. The purpose of this paper is to sup-
port the chapter Seismology of Giant Planets which will appear in May 2015 in the book
Extraterrestrial Seismology, published in Cambridge University Press. Here, we review the key
questions about jovian interiors as well as the most recent observational results, and refer the
reader to the book chapter above-mentioned for further details.
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1 Interior Structure
The deep internal structures of Jupiter and Saturn, particularly the amount and the radial distri-
bution of heavy elements, are important diagnostics to the formation and evolution of planetary
systems in general. Two scenarios are envisioned for the formation of giant planets. The first
assumes that cores of rocks and ices are formed by the accumulation of solid planetesimals. When
these solid cores grow to about 10 M⊕ (Earth masses), a phase of rapid H-He gas accretion follows,
which leads to the current structure of the planets [Magni and Coradini, 2004]. In this class of
models, the resulting planets are generally enriched in heavy elements. In the second scenario,
giant planets form by gravitational instability of the gas in a massive solar nebula [Mayer et al.,
2002], resulting in planets with solar chemical compositions and masses probably larger than that
of Jupiter. In this scenario, a solid core may form through sedimentation of solid and vaporized
material toward the center, or by subsequent capture of solid planetesimals. The gravitational
instability scenario requires a relatively massive and cold protoplanetary nebulae to become un-
stable, while the nucleated instability mechanism can also operate with less massive and hotter
disks. Current uncertainties about Jupiter’s and Saturn’s deep interior structure and composition
are large and prevent us from uniquely distinguishing between these two formation mechanisms
[Saumon and Guillot, 2004, Militzer et al., 2008, Nettelmann et al., 2012].
Jupiter and Saturn are natural reservoirs of liquid metallic hydrogen and helium at pressures of up
to tens of Mbar and temperatures of the order of 104 K. Such warm, dense states of matter are
very challenging to reproduce in laboratory experiments. Megabar pressures can be achieved in
shock compression experiments but usually at temperatures well above those found in giant planets
[Saumon and Guillot, 2004]. So far, these experiments have not directly probed the conditions of
interest for giant planets. On the other hand, significant progress has been achieved recently in
computer simulations of the equations of state of H and He. Oddly, this has not led to a better
consensus on the internal structure of Jupiter [Militzer et al., 2008, Nettelmann et al., 2012].
Based on our current knowledge of planetary system formation and of equations of state of dense
matter, the debate regarding the internal structure and composition of Jupiter and Saturn can
be articulated in terms of four main questions [e.g. Fortney and Nettelmann, 2010]. i) What is
the radial distribution of heavy elements? Are they concentrated in a central core or distributed
throughout the H-He envelope? If mixing processes have redistributed the heavy elements af-
ter its formation, the thermal evolution of the planet would be profoundly affected [Stevenson,
1985, Leconte and Chabrier, 2012]. ii) If a dense central core is present, what are its mass and
composition? Current estimates of the core mass of Jupiter range from 0 to 15 M⊕ and the to-
tal mass of heavy elements from 10 to 40 M⊕ [Saumon and Guillot, 2004, Militzer et al., 2008,
Nettelmann et al., 2012]. iii) Which mechanisms dominate the energy transport from the deep in-
terior to the surface of these planets? iv) Do H-He mixtures separate in giant (exo)planets resulting
in a depletion of He in the outer envelope?
2 Seismology and Giant Planets
In 2016, NASA’s Juno mission will make key contributions to our understanding of Jupiter thanks
to precise measurements of its gravity and magnetic fields. Unfortunately, the presence of a denser
core of heavy elements only weakly influences even the lowest order (quadrupole) deviation in
the gravity field and the core mass will remain essentially model-dependent. On the other hand,
seismology, which consists of identifying global acoustic eigenmodes (p-modes), complements Juno’s
science by offering a way to directly measure the planet’s sound speed profile, and thus its physical
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Figure 1: Schematic representation of the interiors of Jupiter, Saturn, Uranus, and Neptune. The range of
temperatures for Jupiter and Saturn is for models neglecting the presence of the inhomogeneous region (adapted
from Guillot 1999). Helium mass mixing ratios Y are indicated. The size of the central rock and ice cores of
Jupiter and Saturn is very uncertain (see text). Similarly, for Uranus and Neptune, considerable uncertainties
exist [Nettelmann et al., 2013]. Recent models of Neptune indicate a wider range of possible solutions of which
two representative ones are shown.
properties from the outer envelope to the core.
All of these questions can be addressed with seismology. From an observational point of view,
seismology of Jupiter (alternatively Saturn) is a natural extension of helioseismology. Their com-
mon fluid nature is expected to lead to similar oscillations and to the possibility of using similar
observational techniques. Theoretical works [Vorontsov et al., 1976, Bercovici and Schubert, 1987]
predict that Jovian global oscillations should have a frequency range of [0.8, 3.5] mHz with 10 to
100 cm s−1 amplitude, values that are comparable to those of the Sun.
Observationally, there have been several attempts to detect Jovian oscillations using infrared pho-
tometry [Deming et al., 1989], Doppler spectrometry [Schmider et al., 1991, Mosser et al., 1993,
2000], and careful searches for excitation of acoustic waves due to the impact of the Shoemaker-Levy
9 comet [Walter et al., 1996, Mosser et al., 1996]. In most of these campaigns, the signal-to-noise
(SNR) ratio was too low or instrumental artifacts were present that inhibited any positive detection.
The fast rotation of Jupiter also limits the precision these instruments were able to obtain.
Jovian seismology had to wait until 2011 to get the first strong evidence of the detection of oscil-
lations using the SYMPA instrument, an imaging spectrometer upon which the new instrumental
project “JIVE in NM” is based [Schmider et al., 2007, Gaulme et al., 2008, 2011, Soulat et al.,
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Figure 2: Evidence of the first detection of Jupiter’s global modes from the SYMPA instrument, similar to the
one to be built in this project. It shows the power spectrum of the mean velocity time series obtained in 2005.
Excess oscillation power is detected between 800 and 3400µHz, as well as a comb-like structure of regularly
spaced peaks. The thick lines are smoothed data. From Gaulme et al. [2011].
2012]. This instrument was designed to overcome some of the earlier limitations by imaging
the full planetary disk, similar to solar helioseismic instruments like GONG [Harvey et al., 1996],
MDI/SOHO [Scherrer et al., 1995], and HMI/SDO [Scherrer et al., 2012]. As part of a 10-day ob-
serving run in 2005, the SYMPA instrument was able to produce a power spectrum of Jupiter’s
oscillations shown in Figure 2. An excess of acoustic power is observed in the frequency range
predicted by theory, as well as the comb-like structure of peaks that is also expected from interior
models, thereby confirming Jupiter’s global pulsations. Unfortunately, the level of noise in the data
is too high to identify individual modes and decisively probe Jupiter’s interior.
Regarding seismology of Saturn, recent analysis of occultation observations using the NASA Cassini
spacecraft at Saturn shows exciting evidence of planetary modes that manifest themselves in its rings
[Hedman and Nicholson, 2013, Fuller et al., 2014, Marley, 2014]. This possibility was first proposed
by Marley [1991] and Marley and Porco [1993]. The basic idea is that wave features in Saturn’s C
rings could be created by resonant interactions with internal oscillation modes, since these modes
perturb the internal density profile and, therefore, the external gravity field. The observations of
Hedman and Nicholson [2013] are the indirect evidence of these wave forcings [Marley, 2014].
Seismology of giant planets looks similar to asteroseismology in the 1990s, i.e. with a bright future.
The current decade has been promising thanks to the detection of Jupiter’s acoustic oscillations with
the ground-based imaging-spectrometer SYMPA, and indirect detection of Saturn’s f-modes in its
rings by the NASA Cassini orbiter. This has motivated new projects of ground-based instruments
that are under development, such as the JIVE in NM, inherited from SYMPA, which is led by teams
from New Mexico State University and Observatoire de la Côte d’Azur. In addition, the NASA
Kepler “K2” mission will observe Neptune for about 80 days in early 2015, and likely Uranus
in 2016. Even though it is not sure whether visible photometry is appropriate for giant planet
seismology, it is a unique opportunity to test this technique. Finally, projects of space instruments
are under study, because only a dedicated payload placed on a spacecraft flying-by or orbiting any
giant planet will fully exploit the potential of seismology for these planets.
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